Graphical Abstract Highlights d Transmembrane proteins can be inverted via recombination with N-terminal domains d Topological inversion of rhodopsins yields new variants with unique properties d Inversion of ChR ET/TC reverses cationic flux creating a potent inhibitor: FLInChR
SUMMARY
Targeted manipulation of activity in specific populations of neurons is important for investigating the neural circuit basis of behavior. Optogenetic approaches using light-sensitive microbial rhodopsins have permitted manipulations to reach a level of temporal precision that is enabling functional circuit dissection. As demand for more precise perturbations to serve specific experimental goals increases, a palette of opsins with diverse selectivity, kinetics, and spectral properties will be needed. Here, we introduce a novel approach of ''topological engineering''-inversion of opsins in the plasma membraneand demonstrate that it can produce variants with unique functional properties of interest for circuit neuroscience. In one striking example, inversion of a Channelrhodopsin variant converted it from a potent activator into a fast-acting inhibitor that operates as a cation pump. Our findings argue that membrane topology provides a useful orthogonal dimension of protein engineering that immediately permits as much as a doubling of the available toolkit.
INTRODUCTION
The discovery of a diversity of microbial rhodopsins (Bé jà et al., 2000; Nagel et al., 2003; Oesterhelt and Stoeckenius, 1971 ) that convert light-dependent isomerization of a bound chromophore into conformational changes that enable transport of ions across the cellular membrane has led to the generation of an extensive toolkit for optogenetics . Genome mining Klapoetke et al., 2014) has proven to be the most productive avenue for finding variants with particularly useful properties by tapping into the changes that evolution imposed onto the general rhodopsin scaffold when adjusting its function for the specific niche of the individual microorganisms (Sharma et al., 2006) . A complementary effort has focused on further enhancing this natural variation of the opsin backbone through directed molecular engineering (Berndt et al., 2014 (Berndt et al., , 2016 Deisseroth and Hegemann, 2017) . Structure-guided mutagenesis in the vicinity of the chromophore and along the presumed conduction pathway has led to some notable successes, with examples of interchanged functionality (Inoue et al., 2015) , altered ion selectivity (Berndt et al., 2014) , and improved photocycle kinetics (Gunaydin et al., 2010; Lin et al., 2009) . The actual mechanism of conduction remains incompletely understood (Volkov et al., 2017) , however, and the consequences of individual mutations do not seem to readily confer predictable functional changes to different opsin backbones (Lin et al., 2013) . These factors limit the effectiveness of structure-guided mutagenesis and argue for diversification in the available approaches for further expanding the toolkit.
Although a major driving force for the evolutionary expansion of membrane protein families and refinement of their function may have come from relatively conservative point mutations, changes in membrane topology are also hypothesized to have contributed to this process (Rapp et al., 2007; Seppä lä et al., 2010) . While some membrane proteins can be induced to adopt a non-canonical orientation with a few mutations (Seppä lä et al., 2010) , evolution of altered topology would most easily arise through the introduction of large sequences by recombination. In one striking example, ionotropic glutamate receptors appear to have arisen following the insertion of a potassium channel gene in the middle of a periplasmic glutamate binding protein (Chen et al., 1999; Tikhonov and Magazanik, 2009; Turano et al., 2001; Wollmuth and Sobolevsky, 2004) . The resulting addition of a large extracellularly targeted domain onto the previously intracellular N terminus of the potassium channel is thought to have imposed a topological inversion of the channel portion, although direct tests of this proposal remain lacking. Perhaps surprisingly, the inverted channel domain in ionotropic glutamate receptors displays significantly greater permeability for Na + and Ca 2+ (Sobolevsky et al., 2003) despite sharing the core residues important for K+ selectivity with their presumed evolutionary ancestors (Wood et al., 1995) . If topological inversion of true channels significantly alters ion permeability, it may have even greater consequences for proteins that move ions across the membrane in a transporter-like fashion. Transporters are distinguished by intramolecular ion coordination and conformational changes that restrict and permit, in sequence, access to internal and external compartments. In addition to altering selectivity, their inversion thus has the potential of reversing the movement of ions independent of electrochemical gradients by altering which residues are exposed to the extra-and intracellular compartments. Rhodopsin family members that appear to behave like transporters have properties of both transporters and channels, reflecting a proposed functional continuum (Gadsby, 2009) : their currents show strong dependence on electrochemical gradients, but the flux is markedly lower than that of diffusion-limited channels. We therefore hypothesized that inversion of rhodopsins could yield new variants with unexpected, and perhaps desirable, functional properties.
Here, we demonstrate that topological inversion can be robustly achieved by the introduction of strategically targeted N-terminal domains. When applied to rhodopsins, such ''topological engineering'' can lead to the generation of variants with unique functional properties of use in neuroscience research. We highlight two engineered variants that display properties that have not to date been engineered through structure-guided mutagenesis: a cation channel that displays markedly greater selectivity for K + over Na + (generated through an inversion of CsChrimson) and a non-specific cation pump (generated through an inversion of a Channelrhodopsin [ChR]). The latter, dubbed FLInChR (full-length inversion of ChR), represents a novel light-gated inhibitor of neural activity, and we demonstrate that it is sufficiently potent for common optogenetic experiments such as in vivo circuit interrogation. Thus, topological inversion permits access to new functionalities without fundamentally impairing the ionic flux and therefore has the potential to rapidly produce new variants of use to the neuroscience community.
Our findings suggest that topological inversion is not energetically prohibitive and is robust to the nature of the N-terminal inversion domain, thus supporting the notion that domain recombination may indeed be sufficient to drive changes in membrane topology observed in the evolution of membrane protein families. Further, these data suggest that membrane topology is a useful, general, and unique dimension of protein engineering-in addition to immediately permitting as much as a doubling of the available toolkit, it may aid future structurefunction studies of permeation in Channelrhodopsins.
RESULTS
To begin to evaluate the potential of topological engineering for generating novel rhodopsin variants, we designed a leader sequence that contains the signal sequence and the transmembrane (TM) domain of Neurexin 1B-delta-a type I integral membrane protein-that could, in principle, impose topological inversion on any membrane protein with an extracellular N terminus ( Figure 1A ). To impart further stability on the orientation of the N-terminal TM domain, we also included a short positively charged peptide into the presumed cytoplasmic portion of the leader sequence (Bernsel et al., 2008; Gafvelin and von Heijne, 1994; von Heijne, 1992) . We chose a positively charged peptide that serves as the recognition sequence for a Golgi-bound protease, furin (Thomas, 2002) , because establishing that the fusion protein is protected from furin-mediated cleavage would lend further support for the desired orientation of the leader sequence.
Fusion between the Neurexin (Nx)-based N-terminal domain and ChR2 E123T/T159C-a variant chosen because of its fast kinetics and robust membrane insertion (Berndt et al., 2011 )resulted in a protein that could be easily expressed at high levels, displayed efficient membrane targeting, and trafficked well down axons ( Figure S1 ). Immunostaining for the N-terminal mycÀ epitope tag under non-permeabilized conditions and live-cell GFP florescence imaging in the presence of proteinase K verified that both N and C termini of the fusion protein are in the extracellular space, as predicted for successful topological inversion ( Figures 1B and 1C ). Pairing the Neurexin-based N-terminal domain with either CsChrimson or ArchT was equally effective at achieving inversion ( Figure 1C ), as was pairing ChR E123T/T159C with an alternative N-terminal domain that contained the transmembrane domain of Synaptobrevin (Syb) ( Figure S2 ).
We also explored whether any naturally existing non-canonical orientation of a transmembrane protein may be attributed to its N-terminal domain. We focused on insect odorant receptors-a family of heptahelical proteins that have the opposite membrane orientation compared with their mammalian counterparts and function as odor-gated ion channels rather than G-protein-coupled receptors (Benton et al., 2006) . Strikingly, fusion of the N-terminal leader sequence from the Drosophila OR 59D.1 gene to ChR E123T/T159C also resulted in an inversion (Figure 1D) . This finding lends further credence to the notion that introduction of targeted N-terminal domains through recombination may have contributed during evolution to changes in membrane protein orientation and possibly to the emergence of new functionalities.
To evaluate the functional consequences of rhodopsin inversion, we next examined the current evoked by photoactivation of the inverted proteins in cultured hippocampal neurons (transfected at DIV7, evaluated at DIV 14-21). Flipping the orientation of CsChrimson in the membrane preserved the inward direction of the photocurrent at resting membrane potential and had no significant effect on the current's spectral sensitivity (Figure 2A ). The photocurrent still reversed when the membrane was depolarized ( Figure 2B ). However, the reversal potential of the inverted CsChrimson was significantly lower than that of the original opsin (À35.3 ± 5.2 mV, n = 5 versus 4.7 ± 2.5 mV, n = 5, p < 0.0001). Decreasing the extracellular Na + concentration from 130 mM to 5 mM caused a further leftward shift in the reversal potential (to À62.7 ± 3.6 mV, n = 5, p < 0.001 versus 130 mM Na + ), bringing it closer to the reversal potential for K + . Together, these results indicate that, for CsChrimson, topological inversion preserved the opsin's cation channel-like properties but led to a significantly ($7-to 8-fold) increased K + permeability-a sought-after functional change that has eluded other molecular engineering efforts (Grote et al., 2014) .
Inversion of ChR E123T/T159C led to an even more dramatic change in opsin functionality. Cells expressing inverted ChR E123T/T159C variants-dubbed full-length Inversion of ChR (FLInChRs)-displayed robust outward currents, suggesting that inversion converted this opsin from a potent activator into an inhibitor ( Figure 2C ). Comparison of current amplitudes elicited by photostimulation at varying wavelengths revealed that the spectral response of FLInChR photocurrents was red-shifted with respect to its ''topological isomer,'' peaking around 560 nm ( Figure 2D ). FLInChR photocurrents were outward at all tested membrane potentials and exhibited a very weak voltage dependence regardless of the internal solution used, implicating a pump-like mechanism for FLInChR conductance (mean increase of 18% ± 4% at +40 mV compared to À80 mV, n = 16, Figure 2C ). Replacement of external ions with sucrose had no effect on FLInChR photocurrent amplitude (p = 0.5, n = 4, Figure 2E ), indicating that FLInChR photocurrents result from transport of cations out of the cell. An ammonium pre-pulse protocol (Schwiening and Boron, 1994) designed to shift the cell's pH-first basic, and then acidic-had no effect on FLInChR current amplitude ( Figure 2F , n = 5, p = 0.9), suggesting that protons are not the exclusive charge carrier of the FLInChR photocurrent. We did not detect any change in photocurrent amplitude when switching between Na + -and K + -based internals ( Figure 2G , n = 9 versus n = 22, p > 0.5). Nevertheless, increasing cation size further by substituting with TEA + -based internal resulted in a significant drop in the photocurrent ( Figure 2G , 165 ± 22 pA for K+, n = 22 versus 106 ± 15 pA for TEA + , n = 20, p < 0.05, one-way ANOVA with a post hoc Tukey's test). Taken together, the above evidence is most consistent with the notion that inversion transformed ChR2 E123T/T159C into a potent optogenetic inhibitor that functions like a light-activated, non-selective cation pump. Thus, topological engineering can indeed be sufficient to produce marked changes in the functional properties of opsins. Moreover, similarly to the case of CsChrimson inversion, inversion of ChR E123T/T159C resulted in a functionality (cation pumping) distinct from those attained with previous molecular engineering efforts. This finding, together with the observation that inversion also markedly altered the action spectrum of ChR2 ET/TC (Figures 2D), suggests that topological engineering induces a significant rearrangement of side chains around the active site.
The efficiency of optogenetic-based manipulations of cell activity critically depends on both the properties of the opsin as well as the biophysics of the targeted cell type. Thus, it is desirable to have a range of opsin properties (different ions conducted, a continuum from pump-like to channel-like behavior, etc.) for specific use cases. However, to qualify as a viable optogenetic tool for neuroscience, a new reagent must be capable of dramatically perturbing activity in at least some cell types. We therefore next aimed to verify that the altered active site packing of the inverted configuration retains sufficient light-dependent ion transport for robust circuit interrogation by evaluating the inhibitory potential of FLInChR variants in brain slices. We first chose to target substantia nigra pars reticulata (SNr) neurons due to extensive prior experience using the parent ChR2 variant in this experimental preparation (Brown et al., 2014) and the fact that tonically active neurons provide an ideal test case for evaluating inhibitory optogenetic actuators. We prepared midbrain slices from adult GAD-Cre mice that had been injected into SNr with an adeno-associated virus carrying mVenus-tagged FLInChR or ArchT and targeted for whole-cell recordings SNr GABAergic neurons visually identified to express the opsin ( Figure 3A ). To further ascertain that inversion resulted in a marked change in the opsin function as well as to detect any contribution from potentially native, un-flipped ChR, we first chose conditions (wide-field illumination with a 1 ms pulse of 470 nm light; holding potential of À70 mV) that have previously been shown to elicit strong inward currents in ChR2-expressing SNr GABAergic cells (Brown et al., 2014) . FLInChR-expressing cells displayed robust outward currents under these conditions ( Figure 3B for FLInChR [Nx] and Figure 3C for FLInChR [Syb] ). Consistent with our observations in dissociated cultures, FLInChR-mediated photocurrent was observed even when cells were stimulated with 590 nm light (Figures 3B and 3C)-conditions under which the parent ChR2 variant is not expected to display robust activity (Berndt et al., 2011) . Evoked outward currents were on par with those mediated by ArchT-a commonly used and potent optogenetic inhibitor (Figure 3D) . We observed a similarly rapid onset latency (FLInChR [Nx]: 0.33 ± 0.01 ms @ 470 nm; 0.30 ± 0.01 ms @ 590 nm, n = 4, Figure 3E , top; FLInChR[Syb] 0.24 ± 0.01 ms @ 470 nm; 0.24 ± 0.01 ms @590 nm, n = 4, Figure 3F , top; ArchT: 0.25 ± 0.04 ms @ 470 nm; 0.22 ± 0.03 ms @ 590 nm, n = 4, Figure 3G , top) and rapid decay time constants (FLInChR[Nx]: 2.51 ± 0.14 ms @ 470 nm; 2.60 ± 0.25 ms @ 590 nm, n = 4, Figure 3E , bottom; FLInChR[Syb] 3.07 ± 0.13 ms @ 470 nm; 3.31 ± 0.24 ms @590 nm, n = 4, Figure 3F , bottom; ArchT: 2.49 ± 0.04 ms @ 470 nm; 2.24 ± 0.03 ms @ 590 nm, n = 4, Figure 3G , bottom) for FLInChR-and ArchT-mediated currents. The comparable performance of Arch and FLInChR variants argues that the structural re-arrangements in the vicinity of the active site (a consequence of inversion) are compatible with efficient lightdependent ion transport.
We next took advantage of the fact that SNr GABAergic cells respond to depolarizing current in vitro with firing rates of > 150 Hz ( Figure 4A ) to examine the efficiency, with which FLInChR can inhibit evoked activity. In the absence of light stimulation, we were able to evoke progressively higher spiking frequency in FLInChR-expressing neurons by injecting increasing steps of depolarizing current in a whole-cell current clamp mode. Brief pulses (100 ms) of photostimulation induced significant hyperpolarization of the membrane voltage that was maintained even during depolarizing current injection steps. Evoked spiking was mostly eliminated during photostimulation and could only be partially recovered with very large (> 400 pA) current injections (Figures 4A and 4B) . Similarly, efficient suppression of evoked spiking could be observed in FLInChRexpressing cortical neurons ( Figure S3 ). The ability to sustain photoinhibition for prolonged periods ( Figures 4A and 4C ) was likely due to only moderate desensitization of FLInChR-mediated currents beyond the initial 100 ms ( Figure S4 , photocurrent amplitude normalized to peak: 0.8062 ± 0.0743 at 100 ms, 0.6333 ± 0.1131 ms at 1000 ms, n = 4). Combined, these results demonstrate that FLInChR is a robust optogenetic inhibitor that can suppress evoked activity even in fast-spiking neurons and may be sufficient for in vivo circuit interrogation experiments in behaving animals. SNr neurons are the primary output of the basal ganglia-a brain structure thought to be central to the bi-directional control of the vigor of voluntary movement in rodents (Dudman and Krakauer, 2016; Panigrahi et al., 2015) and in primates (Anderson and Horak, 1985; Desmurget and Turner, 2010) . Given the efficacy of FLInChR in vitro, we next asked whether focal optogenetic inhibition of SNr projection neurons could be used for behavioral circuit perturbation experiments. We trained mice expressing FLInChR in the SNr on a previously developed effortbased operant task that requires animals to adjust the vigor of a reaching movement to obtain reward ( Figures 5A and 5B ). Once animals attained expert performance, we suppressed activity in the SNr on 25% of randomly selected reaches by delivering light through bilaterally implanted optical fibers. Similar to the past study (Panigrahi et al., 2015) , we applied the perturbation selectively during movement. Consistent with the efficient perturbation of spiking observed in FLInChR-expressing animals in vitro, we observed a specific and systematic reduction in peak velocity of reaches in ''light ON'' trials ( Figure 5C ), which necessitated reaches of significantly longer reach duration for all mice (Figures 5D-5G ). Importantly, the size of the observed behavioral effect for FLInChR-mediated perturbation of movement vigor was similar in magnitude to that observed in experiments in which basal ganglia activity was manipulated with ArchT (Panigrahi et al., 2015) . Thus, although comparisons between different optogenetic tools are notoriously subject to the vagaries of the specific experimental preparation, the observed robust performance places FLInChR variants favorably among extant optogenetic tools for in vivo circuit perturbation experiments. Indeed, parallel sets of behavioral perturbation experiments in Caenorhabditis elegans nematodes expressing FLInChR in muscle cells (Video S1 and Figure S5 ), and in rats expressing FLInChR in prefrontal cortical neurons (data not shown), provided further support that this new opsin variant is a powerful new inhibitor suitable for in vivo manipulations.
The rapid kinetics of FLInChR-mediated photoinhibition evident in slice experiments (Figure 3 ) prompted us to investigate whether FLInChR might aid with optogenetic tagging efforts-a common method for identification of neuronal cell types in electrophysiological experiments. While simple in principle, such experiments can be notoriously difficult in awake, active animals because of pronounced network effects, especially in circuits with strong recurrent connectivity, e.g. neocortex. The depolarizing opsin ChR2 is by far the most frequently used optogenetic tag, but in excitatory neuronal populations, its use for optotagging can be problematic (Lima et al., 2009) . As latencies of light-driven modulation are often on par with synaptic delays, light-dependent activation by neighboring ChR2 + neurons driving a ChR2cell over threshold can be indistinguishable from direct light activation of a ChR2 + cell (Buzsá ki et al., 2015) . Inhibitory opsins, in principle, provide an alternative approach to opto-tagging populations of excitatory cells such as cortical projection neurons (PNs). Since PNs derive most of their excitatory drive from long-range inputs (Guo et al., 2017) , short latencies to light-dependent inhibition are unlikely to result from removal of synaptic drive through local recurrent connections. We therefore used rAAV2-retro-mediated delivery to selectively target long-range PNs in layer 5 of sensorimotor cortex in awake, behaving mice and rats and analyzed the distribution of latencies to detectable photoinhibition through simultaneous extracellular recordings ( Figure 5H ).
Robust photoinhibition was easily observed even in large rat PNs after 2-3 weeks of expression ( Figure 5I , significant responses detected in 19.5% of recorded units). When the optical fiber was advanced alongside the recording electrodes, the majority of light-sensitive units displayed latency to photoinhibition below three milliseconds (although latencies up to 10 milliseconds could be observed in some cases). The ease of finding units with very short photoinhibition latencies and their spatial distribution (nominal depths of 0.9-1.3 mm from the cortical surface, consistent with the location in the rat brain of retrogradely labeled striatal-projecting cortical neurons) strongly suggests that short-latency suppression is mediated by a direct effect. To verify the efficacy of direct FLInChR-mediated photo-inhibition in such settings, we used juxta-cellular recordings in an equivalent experiment in the mouse. Illumination through the pipette (Coddington and Dudman, 2017) was sufficient to induce rapid suppression of activity that could be maintained for up to 5 s of constant illumination ( Figure 5J ), further arguing in favor of the direct nature of the observed photoinhibition. Moreover, when activity across all cortical layers was evaluated simultaneously with a large, high channel-density electrode array , units with rapid and robust suppression of firing ( Figure 5K ) were exclusively found at depths consistent with layer 5 PNs ( Figure 5L ). Notably, these high-density recordings revealed that targeted photoinhibition of targeted PNs is accompanied by disinhibition of other cortical neurons within the circuit ( Figure 5L , units with positive change in activity during illumination). However, the observed positive modulation of activity was both systematically delayed compared to presumed direct photoinhibition (indicative of polysynaptic connectivity) and distributed across cortical layers. Collectively, these data suggest that FLInChR can be used in vivo in awake animals to effectively silence target populations of neurons. Moreover, the magnitude, speed, and duration of activity suppression attainable even in large, difficult-to-inhibit pyramidal neurons argue that FLInChR is a useful tool for a variety of perturbation and opto-tagging experiments.
DISCUSSION
The potential of the optogenetic approach for dissecting neural circuit function is widely appreciated, with an ongoing search for new rhodopsin variants with specific functions Deisseroth and Hegemann, 2017; Klapoetke et al., 2014) . Despite extensive electrophysiological studies and the (legend continued on next page) availability of high-resolution structural data for a number of rhodopsins (Kato et al., 2012; Volkov et al., 2017) , the key processes governing opsin function-gating and permeationremain incompletely understood, thus hampering molecular engineering efforts. The function-altering inversion of rhodopsin topology that we describe here adds an orthogonal dimension for opsin engineering that should permit further expansion of the toolkit and might help shed additional light on the mechanism of ion transport in the opsin family. The relative ease with which we were able to invert Channelrhodopsins is surprising in light of the prevailing notion that most proteins tend to have a very strong preference for a specific topology (reviewed in von Heijne, 2006) . Much evidence, particularly in prokaryotes, points to the ''inside-positive'' charge bias as a key guiding principle that determines protein orientation (von Heijne and Gavel, 1988; von Heijne, 1986 von Heijne, , 1992 . Most bacterial multi-spanning proteins display a prominent alternation in clusters of positive charges-enriched in cytoplasmic loops and sparse in periplasmic loops-and flipping their first helix is thought to be insufficient for altering the overall orientation because the topological information is present locally throughout the protein sequence (Gafvelin and von Heijne, 1994) . However, the positive charge bias appears to have significantly weakened in the evolution of eukaryotes, raising the possibility that the specific orientation of the N-terminal helix may have begun to play a progressively larger role in determining the overall topology of transmembrane proteins, with the helices closer to the C-terminus free to follow either orientation once the N terminus is fixed (Hartmann et al., 1989; Heijne, 1994) . Indeed, some evidence points to the positive charge bias being strongest across the first transmembrane helix in eukaryotic proteins, arguing in favor of such N-terminal regulation (Hartmann et al., 1989) . If true, this would not only have constituted an efficient mechanism for ensuring a specific topology, but would also have paved an evolutionary path for the merging of modular transmembrane protein domains through the process of genetic recombination.
Our finding that topological inversion of Channelrhodopsins (ChRs) does not leave the ionic flux unaltered brings into focus the likely mixing of channel-and pump-like functionalities at the core of the conduction mechanism. Although ion channels and pumps are often presented as two distinct families, growing evidence suggests that they might be more appropriately viewed as representing two extremes of a continuum of proteins that allow passage of ions across lipid membranes (Accardi and Miller, 2004; Gadsby, 2009; Miller, 2006; Zifarelli and Pusch, 2007) . Unlike channels, pumps require at least one conformational change associated with flux across the membrane, and at the extreme, true transporter pumps require multiple changes: one to eliminate exposure of the substrate to one side of the membrane and a second to expose it to the other side. These relatively slow conformational changes impose non-negligible delays on ion passage, significantly reducing the flux of pumps compared with those observed for channels. Strikingly, the flux of ChRs is also markedly lower than that of cation channels selective for similar monovalent ions-a finding that hints at the possibility that ChRs might embody examples of transmembrane proteins that blur the distinction between channels and pumps. Indeed, although the detailed mechanism of ion permeation through ChRs remains incompletely understood, the lack of a clearly identifiable pore in high-resolution structures of ChR variants has led to the suggestion that an obligate conformational change must accompany ion flux across the membrane (Volkov et al., 2017) . Our ability to reverse the flux of ions by inverting a ChR variant in the membrane provides strong experimental support for the sequential exposure of the cytosolic and the extracellular cavities in ChR to ions and thus for an obligate conformational change. The ability of inversion to alter ion selectivity in CsChrimson also provides experimental support for the importance of charged residues near the membrane surface-and thus distant from the pore itself-in determining selectivity (Berndt et al., 2016; Roux and MacKinnon, 1999) . Additional details about the mechanism of ion transfer may emerge in the future from comparisons of high-resolution structures for the ''topological isomers,'' especially in cases in which such inversion leads to marked functional changes.
The observed spectral and mechanistic differences between ''topological isomers'' suggest that, while the core functionality of rhodopsins-light responsiveness and ion transport-is preserved following inversion, the surrounding electrostatic interactions are altered in the voltage environment of the inverted configuration. Indeed, the specific biophysical properties of individual rhodopsins are uniquely determined by the protein (B) Schematic of the experimental protocol. Trial start (green diamond) was un-cued. Reaches had to pass variable threshold (gray diamond) for a delayed water reward (blue square). Reaches were extracted using both the Euclidean displacement and the velocity of the joystick. Light (473 nm, 1-5 mW at the fiber tip) was delivered on the first reach of $20% of trials. environment in the vicinity of the chromophore and along the conduction pathway (Schneider et al., 2015) . As the demand for more precise molecular tools to serve the specific experimental goals increases (Berndt et al., 2011 , a palette of opsins with diverse ion selectivity, kinetics, and spectral properties will be needed (Wietek and Prigge, 2016) . Because neither non-specific cation pumping nor robust K + selectivity have been engineered through structure-guided mutagenesis to date, topological engineering may permit exploration of a subspace of variants uniquely accessible in the inverted configuration and may enable rapid diversification (as much as a doubling) of the available optogenetics toolkit.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Dissociated neuronal cultures
Mixed sex dissociated hippocampal cultures were prepared from Sprague-Dawley post-natal day 0 to 1 rat pups. Fourty-thousand neurons were plated on each poly-D-Lysine coated glass coverslips (Cat no. 3524; Corning) and cultured in in NBACTIVE4 (BrainBits).
Animal lines
In vivo experiments were performed either in male CAG-IRES-Cre mice, male Sim1-KJ18 mice, and male Long Evans rats. Experiments were conducted according to National Institutes of Health guidelines for animal research and were approved by the Institutional Animal Care and Use Committee at HHMI's Janelia Farm Research Campus.
METHOD DETAILS
Constructs and adeno associated virus
Proteinase K assay Coverslips of dissociated hippocampal neuronal cultures were infected with AAVs (see above) seven to ten days after plating. Seven to ten days after AAV infection, coverslips were transferred into a 24 well glass bottom plate (Cat No. P24G-1.0-13-F; Matek Corp) with 80 mL to 100 mL of DPBS with Ca 2+ and Mg 2+ (Cat No. 14040117; GIBCO) in each well. Epifluorescence imaging was performed using an Olympus x81 microscope equipped with a 40X objective (Olympus UplanFLN 40x/0.75) and FITC cube (FITC-2024B-000; Semrock) using Slidebook 5.0-Innovatove Application (www.intelligent-imaging.com). Images were acquired at a rate of 1 Hz for 30 s. Following the acquisition of five baseline images, either 40 mL of PBS (vehicle) or 40 mL of 2.3 mg/mL proteinase K (1:10 dilution of 1095 units/mL or 23 mg protein/mL, Sigma Cat No. P4850) was added to the well, and twenty-five additional images were acquired.
Time-lapsed images were analyzed using custom MATLAB and Python scripts. Regions of interest (ROI) and background regions were manually selected using the first image from each experiment, blind to the condition. The difference of the mean fluorescence of each ROI and the mean fluorescence from the background region in the same image was calculated, and the mean of these differences for the five baseline images (F 0 ) and the five final images (F final ) determined. Using these initial and final fluorescences, a difference in fluorescence was found and normalized to the initial fluorescence to yield the normalized change in fluorescence (DF/F 0 ).
Myc-tag assay
Neurons were infected five days after plating with AAV-CAG-FLInChR-mVenus and AAV-CAG-Myc-GFP. Ten days post-infection three wells in each group were stained with rabbit anti-c-myc primary antibody (C3956; Sigma) at 1:1000 dilution for 60 minutes. Wells were washed with PBS three times, and then fixed with 4% paraformaldehyde (PFA) in 0.1M phosphate buffer (PB). All of the wells were labeled with Goat anti-Rabbit IgG secondary antibody Alexa Fluro 594. Ultra Rainbow Fluorescent Particles Beads (Cat No. 610; mean diameter: 3.80 mm; Bangs Laboratories, Inc.) were diluted 1:500 for imaging. Images were acquired for a single time point using microscopy setup described above, with addition of imaging Alex Fluor 594 using a TRITC filter set (TRITC-B-OMF-Samrock).
Each image was analyzed blind to condition, by selecting regions of interest (ROI) for the soma, background and bead regions for each coverslip and the mean fluorescence for each ROI determined. The background ROI mean fluorescence was subtracted from the mean soma ROI fluorescence, and then normalized to the mean bead fluorescence to yield the arbitrary units (a.u.) in Figure 1 .
In vitro whole-cell electrophysiology in dissociated neuronal cultures In vitro electrophysiological characterization of opsins was done in hippocampal neurons cultured prepared as described above and infected with a virus carrying the payload of interest at 7 days in vitro (DIV). At 14-21 DIV, whole cell recordings were done using an extracellular solution of artificial cerebrospinal fluid (ACSF) that contained the following: 135 mM NaCl, 15 mM glucose, 3 mM KCl, 1.3 mM CaCl 2 , 1 mM MgSO 4 , 10 mM HEPES. For wholesale external ion replacement experiments ( Figure 4C ) and well as reductions in [Na + ] ( Figure 5B ), ions were replaced with equimolar amounts of sucrose. SR95531 (5 mM) and Kynurenic acid (0.1 mM) were added to all solutions to block ionotropic GABA and glutamate receptors, respectively. All experiments were done at room temperature, which was approximately 25 C. Glass recording pipettes were pulled to a resistance of 1-3 MU with a P-97 horizontal puller (Sutter Instruments), and access resistance-as measured by the instantaneous current response to a À5 mV step with pipette capacitance cancelled-was always less than 8 MU. Light-evoked currents were induced using 2 ms full field illumination through the microscope objective at 0.2 Hz using a 4-wavelength high power LED light source (Thorlabs LED4D067, with a DC4100 4-channel LED driver; power measured at objective focal plane was $1 mW), with the exception of the experiments measuring excitation spectra, in which case a Polychrome V monochromator (TILL Photonics) was used as the light source. Responses were measured with a Multiclamp 700B amplifier (Molecular Devices) and AxoGraph X acquisition software.
Internal solutions for whole cell-recordings
To evaluate the ionic basis of the light-evoked currents we used four different internal solutions: Cs-Cl, TEA-Cl, Na-Cl and K-Gluc. The Cs-Cl solution contained 5 mM CsCl, 130 mM CeMeSO 4 , 10 mM HEPES, 0.5 mM EGTA, 0.4 mM Na-GTP, 4 mM Mg-ATP, 10 mM phosphocreatine, and was adjusted to pH 7.3. To replace cations, we used TEA-Cl containing 140 mM TEA-Cl, 10 mM HEPES, 0.5 mM EGTA, and 10 mM phosphocreatine, adjusted to pH 7.3. K-Gluc solution, in turn, contained 130 mM K-Gluconate, 5 mM KCl, 10 mM HEPES, 0.5 mM EGTA, 0.4 mM Na-GTP, 4 mM Mg-ATP, 10 mM phosphocreatine, adjusted to pH 7.3. Na-Cl based internal solution contained 135 mM NaCl, 3 mM KCl, 1.3 mM CaCl 2 , 1 mM MgSO 4 , 10 mM HEPES, 0.4 mM Na-GTP, 4 mM Mg-ATP, 10 mM phosphocreatine.
Ammonium prepulse protocol
To address the role of pH in the light-evoked FLInChR current, an ammonium prepulse protocol was used (Schwiening and Boron, 1994) . Briefly, an ammonium challenge was used to shift internal pH basic and then acidic. The normal extracellular solution was first replaced with one in which 20 mM NH 4 Cl was added and 20 mM NaCl was omitted. Subsequently, a sodium-free (Na-) extracellular solution containing an equimolar substitution of N-methyl-D-glucamine (NMDG) for NaCl was used to replace the ammonium challenge and used for the rest of the recording session. All solutions contained SR95531 (5 mM) and Kynurenic acid (0.1 mM).
In vitro whole-cell slice electrophysiology Adult (6-8 weeks old) GAD2-IRES-Cre (Jackson Laboratory, Stock #010802) mice were injected with AAV2/1 CAG-FLEX FLInChR-mVenus; sections were taken 3-4 weeks post injection. Mice were deeply anaesthetized under isoflurane, decapitated, and the brains were removed. Coronal midbrain slices (300 mM thick) were sectioned (Leica VT1200S, Germany) in ice-cold modified artificial cerebral spinal fluid (ACSF) (52.5 mM NaCl, 100 mM sucrose, 26 mM NaHCO3, 25 mM glucose, 2.5 mM KCl, 1.25 mM NaH2PO4, 1 mM CaCl2, 5 mM MgCl2, and 100 mM kynurenic acid). Slices were transferred to a holding chamber and incubated at 35 C for 30 min in modified ACSF (119 mM NaCl, 25 mM NaHCO3, 28 mM glucose, 2.5 mM KCl, 1.25 mM NaH2PO4, 1.4 mM CaCl2, 1 mM MgCl2, 3 mM sodium pyruvate, 400 mM ascorbate, and 100 mM kynurenic acid, saturated with 95% O2/5% CO2) and then stored at 21 C.
For recordings, slices were transferred to a recording chamber perfused with modified ACSF (119 mM NaCl, 25 mM NaHCO3, 11 mM glucose, 2.5 mM KCl, 1.25 mM NaH2PO4, 1.4 mM CaCl2, 1 mM MgCl2, 3 mM sodium pyruvate, 400 mM ascorbate, saturated with 95% O2/5% CO2) and maintained at 32-34 C at a flow rate of 2-3 ml/min. Substantia nigra GABAergic neurons expressing the opsin were targeted for recordings. Voltage clamp recordings of evoked photocurrents were made using electrodes (5-8 MU) containing a CeMeSO4-based intracellular solution (in mM) (114 mM CeMeSO4, 4 mM NaCl, 10 mM HEPES, 5 mM QX314.Cl, 0.3 mM GTP, 4 mM ATP, 10 mM phosphocreatine, pH 7.5). Recordings were made using a MultiClamp700B amplifier (Molecular Devices) interfaced to a computer using an analog to digital converter (PCI-6259; National Instruments) controlled by custom written scripts (to be made available at http://dudmanlab.org/) in Igor Pro (Wavemetrics). Photo-activation was carried out using a dual scan head raster scanning confocal microscope and control software developed by Prairie Systems and incorporated into a BX51 upright microscope (Olympus America). Individual neurons were patched under DIC optics with a water-immersion 40X objective. Cells were held at À70mV and evoked current measured following brief 1 ms wide field illumination (470mM or 590mM). To measure spiking activity, current-clamp recordings were made using a potassium gluconate-based intracellular solution (137.5 mM potassium gluconate, 2.5 mM KCl, 10 mM HEPES, 4 mM NaCl, 0.3 mM GTP, 4 mM ATP, 10 mM phosphocreatine, pH 7.5). Depolarizing current steps (200 ms) were used to evoke high frequency spiking of GABAergic neurons, while brief 100ms wide field illumination (470 mM, 1 mW at the focal plane of the objective) during the current step was used to assess the effectiveness of FLInChR to suppress evoked spiking. Progressively longer photostimulation was used to assess effect of duration on spiking suppression. Analysis of postsynaptic evoke currents and spiking was performed using custom written analysis code in Igor Pro (Wavemetrics). Rise time constants of postsynaptic currents were measured by finding the 20%-80% slope of the rising phase of the stimulus-evoked current. Decay time constant of postsynaptic currents were measured by fitting a single exponential to the decay phase of the stimulus-evoked currents. Spikes were detected at the threshold of maximum acceleration.
In vivo perturbation of SNr GABAergic activity during effort-based operant task Adult GAD-IRES-Cre mice were individually housed in a temperature and humidity-controlled room maintained on a reversed 12 hr light/dark cycle. Following 1 week of recovery from surgery for targeted injection of AAV2/1-CAG-FLEX-FLInChR-mVenus into SNr and placement of the head fixation chamber (Osborne and Dudman, 2014) , mice were put onto water restriction with water consumption limited to at least 1 ml per day. Mice underwent daily health checks and water restriction was eased if mice fell below 70% of their body weight at the beginning of deprivation.
Water deprived mice were trained on a head-fixed variable amplitude operant task as previously described (Osborne and Dudman, 2014; Panigrahi et al., 2015) , undergoing at least 2 weeks of daily sessions of initial training prior to perturbation experiments. For training, mice were placed in a darkened chamber with both paws positioned on a small metal handle attached to a joystick with two degrees of freedom (as seen in Figure 5A ). Movement of the joystick was detected by a Hall effect sensor with a linear voltage/displacement relationship. Voltage traces for each axis were recorded at 10 kHz and analysis of movements conducted offline. Movement threshold detection and triggering of water delivery were accomplished with a custom micro controller device. A session typically consisted of 120 trials within 7 blocks at different threshold amplitude requirements.
Individual forelimb movements, 'reaches', were extracted from voltage traces by thresholding the change in position and ensuring that movements were separated by at least 200 ms. To extract parameters of the outward component of the reach, we followed a technique described in detail previously (Gallivan and Chapman, 2014) . Briefly, the outward component of the reach was determined by finding the end point of maximum displacement. A reach was defined as the trajectory from earliest detectable movement to reaching the maximum displacement (the most eccentric point on the convex hull that captured the trajectory). Movement velocity was computed with summary statistics of the trajectory (max, average).
Photostimulation was delivered via a fiber coupled solid state laser (488 nm; LaserGlow) coupled via a ferrule sleeve to an optical fiber (200 mm diameter) positioned just above the SNr. Laser pulses were gated through the analog modulation circuitry of the laser by modulating the pulse width (1-10ms). Pulse trains (16.7 Hz; 450 ms duration) were triggered by displacement of the joystick past a threshold lower in magnitude than the threshold required to elicit reward delivery. A randomly chosen 25% of all trial-initiating movements (as detected online) were allowed to trigger photo stimulation.
Behavioral experiments in C. elegans For body-wall muscle expression in C. elegans, pmyo-3::FLInChR::mVenus was synthesized in a codon optimized manner, resulting in the plasmid pAB15. The respective transgenic strain ZX2282 (zxEx1105[pmyo-3::FLinChR::mVenus; pmyo-2::CFP] in N2), was generated via microinjection of 50 ng/mL plasmid DNA with 2 ng/mL of the co-injection marker pmyo-2::CFP. Animals were cultured on NGM plates, seeded with E. coli OP-50 strain, in 6 cm Petri dishes. For optogenetic experiments, OP-50 was supplemented with ATR (0.15 mL of stock (100 mM in ethanol) mixed with 300 mL OP-50 bacterial solution).
Video analysis of changes in body length upon light stimulation monitored the evoked effect and provided qualitative information, whether the expressed protein worked as a depolarizer (body contraction) or hyperpolarizer (body relaxation). For behavioral experiments, young adult transgenic animals were cultivated overnight on ATR supplemented plates. To guarantee for an artifact free video analysis, the worms were singled on plain NGM plates prior to the experiments. An Axiovert 40 CFL microscope (Zeiss, Germany) with 10x magnification and a Powershot G9 digital camera (Canon, USA) were used to record the animals' behavior. For photo-stimulation of FLInChR, transgenic animals were challenged by 5 s light pulses (HBO light source, 580 nm, 22 mW/mm), controlled via an Arduino-driven shutter (Sutter Instruments, USA). The body length analysis was performed based on a custom written script for MATLAB (Mathworks, USA). For the analysis of data, the animals' body length was normalized to the recording period prior to illumination.
(200x gain), multiplexed and digitized (25 kHz) on the base, allowing the direct transmission of noise-free digital data from the probe, and were recorded using an open-source software SpikeGLX (https://github.com/billkarsh/SpikeGLX). Recorded data were pre-processed using an open-source software JRCLUST (https://github.com/JaneliaSciComp/JRCLUST) to identify single-or multi units in the primary motor cortex (M1). To assay FLInChR expression and responses, a fiber (200 mm core, 0.39 NA, Thorlabs) coupled to a 574 nm laser source (Omicron) was placed to deliver light onto the craniotomy. Single laser pulses of 1 s duration with power measured at the tip of the fiber of 8 mW were delivered 60 times with 8 s intervals.
QUANTIFICATION AND STATISTICAL ANALYSIS
All imaging, elecrophysiological and behavioral data were processed and analyzed using analysis routines custom-written in MATLAB. Statistical analyses were conducted using Wilcoxon signed ranksum tests followed by Bonferroni correction, Mann-Whitney U, 1-way paired ANOVA, 2-sampled t test or paired t test when appropriate. The n value, the mean values ± SEM for each dataset, and statistically significant effects are reported in figure legends and are summarized in the table below. The significance threshold was held at a = 0.05.
DATA AND SOFTWARE AVAILABILITY
The accession number for the FLINChR sequence reported in this paper is [GenBank]: BankIt2158148 BSeq#1 MK046864. Figure S1 . Inverted ChR ET/TC Displays Robust Intracellular Trafficking, Related to Figure 1 (A) Image of a coronal rat brain slice with neurons in the anterior cingulate cortex that project to supplementary motor cortex expressing FLInChR(Nx). Note the evident fiber tracts suggestive of robust axonal trafficking. (B) A maximum projection for a confocal image of rat laver 5 neuron expressing FLInChR with concentric circles at increasing radii describing the analysis of FLInChR expression as a function of distance from the soma center. (C) Fluorescence intensity normalized to peak intensity along the circumference of concentric circles relative to the center of the soma. Only pixels from intersections of these circumferences and the segmented neuron are used. The red line represents the median fluorescence, blue boxes mark the 25th and 75th percentiles, whiskers represent the extreme data points and, + represent outliers. Note that despite a modest increase in the median fluorescence at the soma, the dendritic expression remains consistent throughout the neuron. 
